Aims. We study the spot activity of II Peg during the years 2004-2010 to determine long-and short-term changes in the magnetic activity. In a previous study, we detected a persistent active longitude, as well as major changes in the spot configuration occurring on a timescale of shorter than a year. The main objective of this study is to determine whether the same phenomena persist in the star during these six years of spectroscopic monitoring. Methods. The observations were collected with the high-resolution SOFIN spectrograph at the Nordic Optical Telescope. The temperature maps were calculated using a Doppler imaging code based on Tikhonov regularization. Results. We present 12 new temperature maps that show spots distributed mainly over high and intermediate latitudes. In each image, 1-3 main active regions can be identified. The activity level of the star is clearly lower than during our previous study for the years 1994-2002. In contrast to the previous observations, we detect no clear drift of the active regions with respect to the rotation of the star. Conclusions. Having shown a systematic longitudinal drift of the spot-generating mechanism during 1994-2002, the star has clearly switched to a low-activity state for 2004-2010, during which the spot locations appear more random over phase space. It could be that the star is near to a minimum of its activity cycle.
Introduction
II Peg (HD 224085) is an extremely active RS CVn star, exhibiting both strong chromospheric and coronal activity, in addition to photometric variability caused by spots. It has had one of the highest observed photometric amplitudes (Doyle et al. 1989) and is also claimed to be the brightest X-ray source within 50 pc (Makarov 2003) . More recent studies of II Peg include estimates of its differential rotation using groundbased (Roettenbacher et al. 2011 ) and satellite observations (Siwak et al. 2010) . Both studies indicate a weak solar-type differential rotation. The latter study based on data from the MOST satellite confirmed previous findings that flares must be related to active regions, since they are more frequently observed when the most spotted hemisphere is visible (e.g. Mohin & Raveendran 1993; Teriaca & Catalano 1999; Frasca et al. 2008) .
II Peg has been spectroscopically monitored for nearly 20 years with the SOFIN spectrograph at the Nordic Optical Telescope (La Palma, Spain). Its observations have enabled both Doppler imaging and long-term studies of the spot activity to be performed (Berdyugina et al. 1998a (Berdyugina et al. , 1999 Lindborg et al. 2011) . A summary of these results can be found in our earlier paper Lindborg et al. (2011) , which was based on observations from 1994 to 2002. In these Doppler images, there were usually two active longitudes, one of which was persistent and stronger almost throughout the nine years of spectroscopic monitoring. Major changes, occurring on a timescale of shorter than one year, could also be seen. For instance, the spot activity could switch to another, weaker, longitude, for a short period of time. These shifts are similar to the 'flip-flops' described by Berdyugina and collaborators (Berdyugina et al. 1998a; Berdyugina & Tuominen 1998; Berdyugina et al. 1999) , except that they were not found to follow any periodicity. In addition to the short-term shifts of the active longitudes, we also discovered a drift in the active regions with respect to the orbital rotation frame, indicating that the spot-generating structure rotated slightly faster than the tidally locked binary system.
Rapidly rotating late-type stars with deep convective envelopes are expected to exhibit very little differential rotation, because it is theoretically predicted to be suppressed in the rapid rotation regime (e.g. Kitchatinov & Rüdiger 1999) ; for II Peg, this has also been observationally confirmed (Siwak et al. 2010; Roettenbacher et al. 2011) . However, several stars have been found to contradict this prediction (e.g. Hackman et al. 2001; Jeffers & Donati 2008; Frasca et al. 2011) . Furthermore it is unclear whether surface differential rotation can be recovered by following the motion of large spots (Korhonen & Elstner 2011) . Nevertheless, in the case of suppressed differential rotation, the dynamos working in rapidly rotating stars are expected to be of the α 2 -type, the magnetic field generation only being due to the inductive action of convective turbulence. According to both linear (e.g. Krause & Rädler 1980) and nonlinear solutions (e.g. Moss et al. 1995) of the α 2 -dynamo equations, the nonaxisymmetric modes become more easily excited in the rapid rotation regime. The m = 1 mode, representing an azimuthally varying field changing sign once over the full longitude span, is commonly the preferred field configuration. This is unsurprising, as the largest scale mode is always the least affected by diffusive effects.
The nonaxisymmetric modes turn out to be waves migrating in the azimuthal direction, not necessarily having the rotation period of the star (e.g. Krause & Rädler 1980) . Both slower and faster dynamo waves can occur, depending for example on the profile and properties of the turbulent transport coefficients. The faster waves with dipole symmetry (S1) were found to be preferred in linear models with simple profiles (Krause & Rädler 1980) , and slower waves with quadrupolar symmetry (A1) in more complicated nonlinear models when solving for the dynamics (Tuominen et al. 2002) . From the viewpoint of dynamo theory, two migratory active longitudes are thus an expected result. We, therefore, interpret the behaviour seen in II Peg during 1994-2002 as a manifestation of such a dynamo wave. The objective of the present paper was to inspect whether the azimuthal dynamo wave persisted on the star in the most recent observational data of the object.
Observations
Our observations were made using the SOFIN high-resolutioń echelle spectrograph at the 2.56m Nordic Optical Telescope (NOT), La Palma, Spain. The data were acquired with the second camera equipped with a Loral CCD detector with 2048x2048 pixels. This provides a spectral resolution of R ≈ 70000.
A total of 12 sets of high-resolution spectra of II Peg were measured in 2004-2010. The signal-to-noise ratio (S /N) of the observations was usually around 200-300. The number of observed phases ranged from 3 to 12.
In general, observations of about ten evenly distributed rotation phases is considered optimal for Doppler imaging (e.g. Vogt et al. 1987) . The spatial resolution of the Doppler imaging depends on the phase coverage, but the phase coverage is more important for determining the right spot latitude than the longitude. In the case of gaps in the observations, the reliability of the spot positions depends on the visibility of the spots at the times of observations. This means that observations with insufficient phase coverage can still be very useful when studying e.g. active longitudes. We estimated the fraction f of the rotation phases covered by the observations by assuming that each observation covers ±0.05 of the rotation period. Thus, ten observations uniformly distributed in phase would give a 100% coverage.
The spectral regions 5392.3 -5395.1 Å, 5524.7 -5527.3 Å, and 5633.2 -5634.6 Å were chosen for Doppler imaging. The regions contain relatively unblended lines of different atoms, ionization states, and strengths. Owing to the diversity of the line parameters, the Doppler imaging solution becomes more reliable.
The ephemeris used to calculate the phases T conj = 2449582.9268 + 6.724333E (1) was taken from Berdyugina et al. (1998a) . A summary of the observations is given in Table 1 . A more complete listing of the heliocentric Julian dates, phases calculated according to the ephemeris given above, and the S /N of each observation is given in Table 2 . The spectral observations were reduced with the 4A software system (Ilyin 2000) . Bias, cosmic ray, flat-field and scatteredlight corrections, wavelength calibration and normalization, and corrections for the motion of the Earth as well as the orbital motion of the binary system were included in the reduction process. For the orbital motion, we used the solution presented by Berdyugina et al. (1998b) . The continuum normalization was done in two steps. The spectral orders were first normalized by a polynomial continuum fit of third degree. In rapidly rotating stars, lines are blended, and there may not be any real continuum within a spectral interval. Therefore, an additional continuum correction for each wavelength interval used for Doppler imaging was done by comparing the seasonal average observed profile and a synthetic line profile. Near-continuum points were used for a first or second degree polynomial fit to correct the normalized flux level.
Doppler imaging
The same Doppler imaging method as that applied in Lindborg et al. (2011) was used to calculate temperature maps for II Peg. The inversion technique was thoroughly described in several papers (Piskunov 1991; Hackman et al. 2001; Lindborg et al. 2011 ). The main difference with our previous analysis was that we used the new MARCS model atmospheres (Gustafsson et al. 2008) for the line profile calculations.
Stellar and spectral parameters
Several different sets of stellar parameters have previously been suggested for II Peg. The choice of parameters is far from trivial in the sense that different parameters have very similar effects on the spectral lines and good fits can be obtained using different combinations of stellar and spectral parameters. For example, changing the value of the microturbulence will cause shifts in the average effective temperature T eff of the solution. However, the effect of the spots on the surface is, up to first order, the same independent of the chosen set of parameters: cool spots cause "emission bumps" in the photospheric spectral lines.
For the rotational velocity, macroturbulence, rotation period, and inclination angle, we used the values adopted by Berdyugina et al. (1998a) . An unspotted star with T eff = 4750 The heliocentric Julian date is given as HJD−2450000 and the S /N-ratio is for a wavelength region centred on 5630 Å.
was used as an initial guess of the surface temperature. Other parameters were chosen by comparing the mean seasonal observations with synthetic spectra of this unspotted star. In practice, the parameters were optimized such that the spectra, excluding the "emission bumps" caused by spots, would fit a star with T eff ≈ 4750 K.
Since our aim was to study the spot activity and not to make an absolute determination of the stellar parameters, it was certainly sufficient to test different sets of parameters and choose the one providing the best fit to an assumed unspotted star. Using the MARCS model atmospheres (Gustafsson et al. 2008) , we found that the best starting point was provided by the stellar parameters suggested by Ottmann et al. (1998) . The adopted parameters are given in Table 3 .
The parameters for the spectral lines were obtained from VALD (Kupka et al. 2000) . To optimize the fit to the observations, the log g f -value of some lines was changed. The spectral parameters for the most important lines are given in Table 4 . The full line synthesis included 151 lines.
The need to adjust the spectral parameters could indicate that the element abundances differ from those of the standard MARCS model. It should be emphasized that these kinds of corrections are necessary in Doppler imaging to reduce the systematic errors caused by discrepancies between the synthetic spectra and observations.
Inversion procedure
A table of line profiles was calculated using MARCS planeparallel atmosphere models with T eff ranging from 3200 K to 6000 K and the stellar parameters listed in Table 3 . The local line profiles table and the observations were used as input to the inversion code.
The inversion was based on Tikhonov regularization. A regularization parameter of Λ = 1 · 10 −9 and a grid of 80 x 40 surface elements were used. The aim was to achieve a difference between the model and the observations of about the same level as the observational noise, i.e. the inverse of the S /N ratio. This level of convergence was reached after 40 iterations. The deviations are listed in Table 1 . In most cases the deviation was significantly larger than the inverse of the S /N-value. This may be caused by systematic errors, e.g. slight shifts in the continuum level or modelling errors. In some seasons, there may also be changes in the spot configuration happening on a timescale shorter than a week. The resulting maps are displayed in Fig. 1 and comparisons between the modelled and observed spectra are shown in Fig. 2 .
To make a more reliable comparison with our earlier Doppler images of 1994 -2002 (Lindborg et al. 2011 , we recalculated the images from 2002 using the new stellar parameters and model atmospheres. Since the earlier observations did not include the same wavelength regions as the present ones, we used the same wavelength regions as in the previous study. The resulting maps are shown in the two uppermost left panels of Fig. 1 . 
Results
Our 14 To study the evolution of the longitudinal spot distribution over time, we calculated average temperatures over all latitudes for each image for both our previous Doppler images (Lindborg et al. 2011 ) and the present ones, represented in the left and right panels of Fig. 3 . In our previous study of II Peg, we detected a longitudinal drift of the spot activity in the orbital rotation frame, which is clearly visible in this plot and also in the maps of Lindborg et al. (2011) . This drift is particularly evident during the years 1997-1999. It is hard to detect any such drift in the present images, especially during 2004-2007, when the spots appear to form at more or less random phases. During 2008-2010, however, the main spots persistently occur on one half, roughly between phases 0.5 and 0.8, of the star.
We also performed a similar analysis by averaging the temperature over longitudes for each latitude. Such a figure could reveal any analogues to the solar butterfly diagram. However, as can be seen in Fig. 4 , no clear temporal evolution in the spot latitudes can be detected. The spots are usually concentrated at latitudes 40-80
• . However, this kind of analysis requires a consistently satisfactory phase coverage, which is not the case for all the present observations.
We note that the Doppler images from December 2004, November 2005, and September 2008 are based on only 3-5 observed phases. The longitude of a spot can, in principle, be deduced even from a single spectrum, if the spot happens to be near to the centre line of the visible stellar disk. However, the latitude is determined mainly from the amplitude of the radial velocity of the "bump", the measurement of which would require acquisition of more spectra.
Photometric observations can be used as an additional check of the reliability of Doppler images. For this purpose, we used the light curve amplitude and epochs of photometric minima derived from V-photometry using the continuous period search method (CPS, Lehtinen et al. 2011 ). The analysis was applied to V-photometry obtained with the T3 0.4 APT at Fairborn Observatory (Arizona, USA). In the CPS-method, a sliding window is used to derive continuous estimates of the light curve parameters. Here we only use the independent measurements of the amplitude and primary photometric minima, i.e. measurements based on non-overlapping data. The full analysis is described by Jetsu et al. (in prep.) and the data are the same as in the study by Roettenbacher et al. (2011) .
In Fig. 3 , we plot both the temperature averaged over latitude of the Doppler images and the photometric minima. A basic test of the reliability of a Doppler image, is that the longitudes of the main spots, taking into account their combined effects, coincides with the phase of the photometric minimum. In the images of December 2004 and November 2005, no major spot structures are seen near to the minima derived from near-simultaneous photometry. The situation with the September 2008 image is somewhat more complicated. In the spectra, there is a clear sign, in the form of a bump, of a spot centred near the rotation phase 0.6 (Fig. 2) . This bump causes the large cool spot at phase 0.6 in the Doppler image (Fig. 1) . However, in the nearly simultaneous MOST observations of II Peg the main photometric minimum is near the phase 0.8 (Siwak et al. 2010) . This is near the location of the secondary spot in our Doppler image. We can thus conclude that some of the major spot concentrations were misplaced or missed in the images from December 2004, November 2005, and September 2008 because of insufficient phase coverage.
Even when the phase coverage is good, one should always be cautious not to over-interpret details of Doppler images. In all our images, we can identify features that may be artifacts typical of Doppler imaging, namely alternating cool and hot regions, arches, and extensions of spots.
The recalculated temperature maps for 2002 (the first two images in Fig. 1 ) are very similar to those in our previous study (Lindborg et al. 2011) , the main difference being that the average temperature is now ∼ 100 − 150 K higher. This is a natural consequence of the revised stellar parameters in this study. In addition, there are small shifts in the latitudes of the spot structures, although the longitudes coincide very well. The latter is verified by a comparison of the two last stripes of the left panel with the two first stripes of the right panel in Fig. 3 . We conclude that the temperature maps of the present study can be compared to those in our previous Doppler images of [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] , but a shift of ∼ 100−150 K in the average temperature should be taken into account.
The mean temperature of the new images for 2002 is still 50 − 100 K lower than that of the images from 2004 ). This could in principle be a bias caused by the change in the spectroscopic setup. The temperature contrast of Doppler images may be affected by the selection of spectral lines used in the inversion (see e.g. Järvinen & Berdyugina 2010). However, a natural explanation would be that the spot activity has decreased after 2002. This is confirmed by the small amplitude of the photometric modulation apparent in Fig. 1 of Roettenbacher et al. (2011 Roettenbacher et al. ( ) at around 2004 Roettenbacher et al. ( -2005 (MJD ∼ 53000-53500), while it was relatively large at around 2000 (MJD ∼ 51800).
To quantify the level of activity, we defined all surface elements cooler than T spot = 4200 K as spots. The spot coverage of each Doppler image was then estimated by calculating the percentage of the surface covered by elements with temperatures lower than T spot . There is a clear decrease in the spot coverage, which explains the increase in the mean temperature occurring after 2002 (Fig. 5) . We note that the photometric amplitudes derived by Jetsu et al. (in prep.) also support the notion that the spot activity has decreased after 2002. A comparison with our earlier Doppler images (Lindborg et al. 2011 ) also shows that the spots were more dominant in the images from 1994-2002 than during 2004-2010.
Conclusions
In a recent paper (Lindborg et al. 2011) , we published 16 temperature maps for the star II Peg during 1994-2002, revealing short-term, irregular, 'flip-flop'-type events and a systematic drift of the active regions in the orbital reference frame of the binary system. The 12 new temperature maps for [2004] [2005] [2006] [2007] [2008] [2009] [2010] clearly show that the behaviour of the star is quite different from the earlier epoch: Several studies have found cyclic behaviour in II Peg. Rodonò et al. (2000) analysed 25 years of photometry and reported cycles of 13.5, 9.5, and 6.8 years in the spot activity. Furthermore, Berdyugina et al. (1999) reported a 4.65 year cycle in the 'flip-flop' events. We cannot confirm any regular flipflops. The same conclusion was also drawn in the analysis of photometry by Roettenbacher et al. (2011) .
We also see no evidence of a drift in the spot-generating mechanism during 2004-2010 in the Doppler images. However, indications of a drift can be seen in the photometric minima during 2006-2010. We interpret the drift itself as a dynamo wave migrating in the azimuthal direction. The spots are thus generated by an underlying structure with a higher angular velocity than the surface of the star.
It is clear that the star has entered a state of weaker activity than during 1994-2002. The spot evolution seems fast and random, which could mean that a dynamo wave cannot be clearly detected. This could be related to a minimum in the star's cycle. In this respect, the 13.5 year cycle found by Rodonò et al. (2000) is plausible. A period of higher activity and a clearly detectable drifting active longitude, alternating with a period of lower activity, could then constitute the activity cycle. The collected time series of Doppler images, however, is still too short to make a decisive conclusion about the existence of such a stellar cycle.
